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} Lanthanide Polychalcogenides

Transport Properties of GdTe, g_,As, (x = 0, 0.04)
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George S. Nolas**]

Abstract: Phase-pure polycrystalline samples of GdTe;g and
GdTe; 76AS004 Were synthesized by reacting Gd,Te; with ele-
mental Te and As, employing a small amount of I, as minerali-
zer. Polycrystalline specimens were densified by SPS for temper-
ature dependent electrical and thermal properties investiga-
tions. The electrical properties indicate that arsenic doping
leads to a change from n- to p-type conduction, with an order-
\of-magnitude reduction in resistivity with As doping at room-

temperature as compared to GdTe; g. The thermal conductivity
of both specimens is low, the result of the crystal structure and
atypical Te bonding in this material. The results presented are
intended to expand on the research into rare-earth polychalco-
genides and advance the fundamental investigation of these
materials, as well as begin to evaluate their potential for ther-
moelectric applications.

/

Introduction

Several studies report on the structural chemistry of rare-earth
metal polychalcogenides REX,_s (X = S, Se, Te) (0 < 6 < 0.2)
featuring trivalent RE metals (RE = Y, La-Nd, Sm, Gd-Lu). The
first structure proposed for LaTe, involved the space group P4/
nmm (No. 129) with a = 450.7(5) pm and ¢ = 913(1) pm in
1966.1"! Further studies, however, revealed a more complex (su-
per)structure, as described by Stowe, with space group Pc (No.
7) and lattice parameters a = 919.0(1) pm, b = 910.7(1) pm, ¢ =
907.0(1) pm and = 90.04(1)°, indicating a monoclinic distor-
tion in this compound.®! The aristotype for most of the rare
earth metal polychalcogenides REX,_s®! is the structure of
ZrSSi,**1 which shows an alternating stacking of a puckered
[ZrS] layer and a square planar layer of [Si]. Analogous to the
structure of ZrSSi, REX,_s compounds show the same alternat-
ing stacking of puckered [REX] layers and planar [X] layers, the
latter having a clear distortion from a square net that can be
explained by the formation of X,2~ anions if RE is a trivalent
metal. This results in shorter interatomic distances in the
X,2~ anions and larger distances between them. The sulfides
and selenides have been intensively investigated, for example
high-temperature high-pressure experiments have been em-
ployed to reach pressure stabilized phases of the smaller rare
earth metals in REX; (RE = Sm, Gd-Tm, X = S, Se)® and REX o
(RE = Gd-Tm, X = S, Se).”? The corresponding tellurides have
been investigated less and the reported structures of the stoi-
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chiometric RETe, (RE = La, Ce, Pr) compounds differ from those
of the analogous rare-earth metal sulfides and selenides,>8°!
although CeTe, o crystallizes in the CeSe; g structure type that
is common to the corresponding sulfides and selenides.['?!

An atypical structure type in this class of compounds is
observed for the tellurides with composition RETe; g (RE = Sm,
Gd-Dy).['%131 The crystal structure of GdTe, 5 can be described
by a V/5x/5x2 superstructure of the basic tetragonal unit cell,
as in the ZrSSi aristotype, but crystallizing in space group P4/n
(No. 85) with a = 966.10(4) pm and ¢ = 1794.2(1) pm.'3! The
doubling of the c-axis results in two stacks of puckered [GdTe]
layers and a planar [Te] layer per unit cell, with a unique [Te]
layer as compared to the known sulfides and selenides. This
[Te] layer comprises two statistically disordered Te,?~ dumbbells
that are surrounded by four linear Tes*™ units. This linear Tes
unit reacts to the statistical ordering of the Te,2~ dumbbell with
a small displacement of the outer Te atoms of the linear entity,
as indicated by a large anisotropic displacement parameter.['3!
This type of structural “disorder” would presumably cause
strong phonon scattering resulting in a relatively low thermal
conductivity, and is one reason for our interest in these materi-
als.

The physical properties of the RETe,_s compounds have been
primarily investigated for LaTe, and CeTe,, including magnetiza-
tion,[814151 electronic structure,'®'”! optical'®-2% and transport
properties.?"??l The cubic ThiP,-phases Las_,Te,, CesTe,,
Prs_,Te;, and Nds_,Te, have also been investigate for potential
thermoelectric applications, particularly at high tempera-
tures.23-261 Due to the complex structural chemistry of RETe,_s
and the oxophilic behavior of the rare earth metals, the number
of reports on the physical properties and applications of these
materials are limited. Recently, the synthesis and the crystal
structures of RETe, g with RE = Gd, Tb, Dy have been described,
including the electronic properties of GdTe; g.['*! In the present
report, we have synthesized GdTe, g and investigated its tem-
perature dependent electrical and thermal transport properties.

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In addition, an As-doped specimen was synthesized and meas-
ured in order to compare with that of GdTe, g. This work aims
for a better understanding of the largely unstudied transport
properties of tellurium deficient compounds RETe,_s, as well as
the impact of doping on these properties.

Results and Discussion

The structure of GdTe,g is described in detail elsewhere,!'3!
however neither doping nor stoichiometric substitution have
been reported previously, to the best of our knowledge. There
are, however, reports on mixed transition metal pnictides chal-
cogenides.?’" From a chemical perspective, the elements
with lowest and highest electronegativity should preferably
constitute the puckered [REX] layers whereas the planar [X] layer
comprise the medium electronegative elements.’®? Such site
preferences were indeed observed in the mixed sulfides and
selenides LaS,_,Se,,1*3 LaS; o_,Se,4 and in the mixed tellurium
antimony compound GdSb,Te,_,_s compound where the planar
[X] layer is mainly composed of (the medium electronegative)
Sb.35-3738] Regardless of the reference, As (2.18,5° 2,211,136
2.2087) is more electronegative than Te (2.1,13°1 2,158,136
2.01B7), suggesting a substitution on the anion site in the
[GdTe] layer without changing the structure of the [Te] layers
(Figure 1). However, GdAsTe, which could be considered as the
limiting As-rich end-member of a hypothetical substitution se-
ries GdTe,_,As,, adopts the TiNiSi structure (space group Pnma)
that is comprised of zigzag chains of As.*! Our XRD data on
GdTe; 76AS0.04, however, do not align with the TiNiSi structure

type.
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Figure 1. Crystal structure of GdTe; g with the [GdTe] and [Te] layer marked.
Substitution of As is expected in the [GdTe] layer.

The synthesis route of GdTe; g_,As, was adjusted from that
previously report for GdTe, ¢3! by starting from the gadolinium
sesquitelluride Gd,Te; and adding a stoichiometric amount of
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tellurium and arsenic to the reaction mixture, as show in equa-
tion (1).

j?
Gd;Tes +0.6 —xTe + x As 32 GdTe, g, A5, (1)

The powder XRD pattern for GdTe; g and the As-doped speci-
men show no evidence of impurities or distortions from the
ideal GdTe, g structure (Figure 2). Le Bail profile fitting of the
powder pattern suggests only a very small reduction in the ¢
parameter of the As-doped compound with respect to the bi-
nary telluride, which can be attributed to the smaller size of the
As atoms (considering atomic radii, e.g.: ras = 115 pm, r =
140 pm).[40l
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Figure 2. PXRD patterns of GdTe, g and GdTe; ;6Asg 04 With comparison to the
calculated diffraction pattern of GdTe,g (CSD-1864760) with space group
PA/n.

The temperature dependent electrical resistivity, p, (Fig-
ure 3a) of GdTe,; g and GdTe; 76As004 Show characteristic semi-
conductor behavior, in agreement with previous results on
GdTe, g.['* The band-gap, E, can be estimated from the highest
temperature p values using a fit of the form p = p, exp(Ey/
2kgT) where kg is the Boltzmann constant and T is the absolute
temperature. This results in an estimated Ey of 0.24 eV for
GdTe; g, in agreement with E; = 0.19 eV reported previously.[3]
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Figure 3. Temperature dependent (a) p and (b) S for GdTe;g (circle) and
GdTe; 76As0.04 (triangle).
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The As-doped specimen has lower p values as compared to
GdTe, g, with an order of magnitude decrease at room tempera-
ture as shown in Figure 2, due to As doping. The estimated Eg4
for GdTe; 76ASp04 is 0.23 €V, a value that is similar to that of
GdTe, g. Furthermore, a change from n-type to p-type conduc-
tion upon As doping was observed; the S values for GdTe, g are
negative, indicating n-type conduction, while the S values for
GdTe; 76As0.04 are positive, indicating p-type conduction. The S
values for the As-doped specimen are small with a relatively
flat temperature dependence over the measured temperature
range.

The x values for both specimens (Figure 4) are relatively low
and comparable to Bi,Te; alloys and other chalcogenides, e.g.
Nd_,Te,, that have been investigated for potential thermoelec-
tric applications.'2641-441 However, they indicate different tem-
perature dependencies. The temperature dependence of « for
GdTe; g shows a decrease in x with decreasing temperature.
This atypical temperature dependence would result from the
disordered Te,2~ dumbbell arrangement of Te in the crystal
structure that presumably provides strong phonon scattering.
Furthermore, GdTe; 76As( 04 S€EMS tO POSsess a more typical di-
electric temperature dependence, possibly due to As doping
which shortens the distances inside the [GdTe,_,As,] layer, as
discussed above. The shorter Gd-As distances would influence
the vibrations in the [GdTe] layer by affecting the bonding situa-
tion, which should have a more ionic character than the Gd-Te
bond, due to the higher electronegativity even for low concen-
trations. In terms of the magnitude of x, however, As doping
does not significantly change the x values in GdTe; g. The low
x values are intrinsic to this material system and can be attrib-
uted to the complex crystal structure and it's anion disorder.

20— ————
1.8} 1
16f ¥ v e o
1.4} ] » v
v
X oL e 3 L ]
E10f .
Zos8f ]
%06} .
04f 1
0.2f ]

0'?40 160 180 200 220 240 260 280 300 320
T/IK

K—‘\

=1

Figure 4. Temperature dependent x for GdTe, g (circle) and GdTe; ;6As0 4 (tri-
angle).

Conclusion

The temperature dependent electrical and thermal properties
of GdTe, g are reported. Our results indicate the transport prop-
erties of GdTe,; g are sensitive to doping, as illustrated by the
change from n-type to p-type conduction as well as a change
in the temperature dependence of x with a small concentration
of As doping. This material has intrinsically low # values attribu-
table to the complex crystal structure. Although the thermo-
electric figure of merit ZT (= $%T/pk) for these compositions is
small, the sensitivity to doping as well as the low x values indi-
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cates that these materials should be of interest for further inves-
tigation as potential thermoelectric materials.

Experimental Section

All preparatory steps for the synthesis were carried out in a nitrogen
filled glovebox. A small amount of iodine (= 0.02 equivalents to
GdTe, g) was added to the reaction mixture to enhance the mass
transport and to ensure a complete reaction. In a standard synthe-
sis, 3 g of a stoichiometric mixture of Gd,Te; and tellurium (Alfa
Aesar, 99.999 %), and As (Alfa Aesar, 99.9 %) for the As-doped com-
position, were placed in a quartz tube and sealed under dynamic
vacuum (p < 1 x 1073 mbar). The reaction mixture was heated to
1073 K and held at this temperature for 5 days. The prepared speci-
mens were stored and handled in a nitrogen atmosphere. The pre-
cursor Gd,Te; was prepared analogously by reacting elemental Gd
(99.5 %, MaTecK) and Te (Merck, > 99.9 %, reduced in H, stream at
400 °C) in a glassy carbon crucible inside a fused silica ampoule.
The fine ground powder was heated to 1073 K and held at this
temperature for 4 days. The ampoule was opened in an argon filled
glovebox and the purity of the precursor was checked by X-ray
powder diffraction.

Powder X-ray diffraction (PXRD) data of the synthesized, powdered
specimens were collected on a Bruker D8 focus diffractometer in
Bragg-Brentano geometry with Cu-K,, radiation and a graphite re-
ceiving monochromator. The specimens were ground into fine pow-
der, sieved (325 mesh) and placed inside a custom-designed WC
die and punch assembly that was lined with graphite foil to prevent
reactions with the surrounding material for densification. Densifica-
tion was performed by spark plasma sintering (SPS) under vacuum
at 523 K and 400 MPa for 30 minutes. The maximum temperature
for densification was evaluated by differential thermal analysis (DTA)
and thermal gravimetric analysis (TGA) using a TA Instruments Q600
to ensure that the specimens did not undergo oxidation or degra-
dation during the densification process.

Temperature dependent transport measurements were performed
on 2 x 2 x5 mm?3 parallelepipeds that were cut using an abrasive
slurry wire saw. Low-temperature four-probe gradient measure-
ments (160-300 K) on resistivity, p, Seebeck coefficient, S, and
steady state thermal conductivity, x, were performed on a custom
built radiation-shielded vacuum probe."*>#%! The electrical contacts
were made by directly soldering to Ni plated surfaces and Stycast
epoxy was used for the thermal contacts. The maximum experimen-
tal uncertainties for these measurements are 7 % for p, 6 % for S
and 8 % for x measurements.

CCDC 1864760 contain(s) the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformations-
zentrum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.
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